The 2011/12 La Niña, referred to as a double-dip La Niña event with following a previous La Niña event, was not well predicted by most climate models when starting from early-mid 2011. Based on a developed El Niño-Southern Oscillation (ENSO) ensemble prediction system, this paper investigates the key predictors for the 2011/12 La Niña, to determine which conditions favor a double-dip La Niña event up to one year in advance. The key predictors were isolated in a 100-member ensemble hindcast experiment. Results show that continuous easterly surface winds and persistent subsurface cold conditions preceded the secondyear cooling in mid-2011. And a significant difference can be viewed between the best and the worst ensemble forecasts arose from the stochastic model-error perturbations. The detailed comparisons between the best and the worst ensemble forecasts further illustrate that the stochastic model-error perturbations play a significant role in improving the prediction skills of the best ensemble members during the 2011/12 12-month forecast process, through capturing the transition of sea surface temperature (SST) over the tropical Pacific (i.e., from a warm condition to a cold condition) in boreal spring.
Introduction
The El Niño-Southern Oscillation (ENSO) can be successfully predicted up to one year or more in advance (e.g., Jin et al. 2008; Luo et al. 2008) . However, La Niña, the corresponding cold phase of ENSO, is more difficult to predict due to its weaker intensity and more varied nature. As such, although prediction of La Niña is crucial in improving the performance of ENSO models, it has not received the attention that ENSO has (Barnston et al. 2012) . In particular, the double-dip La Niña event that prevailed over the tropical Pacific during 2011/12, consisting of a second-year cooling at the sea surface following the initial cooling in the fall of 2010, is difficult to predict (Zhang et al. 2013; Hu et al. 2014; Zheng et al. 2015) .
However, due to the chaotic or irregular aspects of climate variability, it is well recognized that ENSO forecasts should be probabilistic with considering prediction uncertainties even at relatively short lead times (e.g., Kirtman, 2003; Yang et al. 2006; Zhu et al. 2012) . The 2011/12 double-dip La Niña, was not predicted by most models listed on the International Research Institute for Climate and Society (IRI) website, including the ensemble-mean forecast of an ENSO ensemble prediction system (EPS; Zheng et al. 2009 ), which is based on an intermediate coupled model (ICM) . Nevertheless, for the ENSO EPS started in January 2011, there were still some forecast members with a similar evolution to the observation; selected members are shown in Fig. 1 . In view of the previous studies (e.g., Keil and Craig 2007; Chang et al. 2014) , the best member of an ensemble prediction is more reliable and superior to some deterministic forecasts, or the ensemble-mean forecast. In this work, we selected the five most (best) and least (worst) representative ensemble members from a 100-member ensemble hindcast experiment through sequentially adopting three criteria. We further analyzed the coincident (asynchronous) evolution of the best (worst) ensemble-mean forecast with the observations, to isolate the conditions favorable for predicting the 2011/12 double-dip La Niña event one year in advance.
Ensemble prediction system and method

Description of the ENSO EPS
The developed ENSO EPS had three main components. Firstly, the basic model was an ICM developed by Keenlyside and Kleeman (2002) and Zhang et al. (2005) , which consists a dynamical ocean model, a sea surface temperature (SST) anomaly model with an empirical parameterization for the temperature of later than that in the observation (i.e., June), the best members reproduced the tendency of the observed SSTA evolution. While the worst members didn't capture this turning point, and in fact predicted a strong El Niño episode in late 2011. In addition, the reasonability of the method of choosing best/worst members was illustrated in Table 1 through comparing the correlations and RMS errors of the best/worst ensemble-mean forecast with the observations over the Niño3.4 region, and also showing the forecasted SST tendency of best/worst ensemble-mean with that of the Niño3.4 index.
Datasets
Various observational data were used to validate the predictions. The SST data were from the monthly extended reconstructed SST (ERSST v3b; Smith et al. 2008) , with a 2° horizontal resolution. The monthly T e data were obtained from the Argo products provided by the Asia-Pacific Data-Research Center (APDRC) of the International Pacific Research Center (IPRC), with 1° bins. To reduce the atmospheric noise, the monthly wind stress anomaly data obtained from the ensemble mean of a 24 member ensemble ECHAM4.5 simulation (Roeckner et al. 1996) , with a 2.8125° zonal grid and 2.789328° meridional grid spacing.
Contrastive analysis
The onset and evolution of the 2011/12 double-dip La Niña has been described by Zheng et al. (2015) in detail. The 2011/12 La Niña event displayed anomalous SST patterns (cold-warm-cold) over the tropical Pacific throughout 2011. Based on the ENSO EPS, started from January 2011, a 100-member ensemble forecast was performed to make a 12-month prediction one year ahead of the mature phase of the 2011/12 La Niña. This was intended to explore the key mechanisms active in the double-dip La Niña event, specifically focusing on the related oceanic and atmospheric physical processes (Zhang et al. 2013; Zheng et al. 2015) . Associated with SSTA, easterly winds ( Fig. 2b) were observed in the central Pacific throughout the year, preventing the propagation of warm water from the western Pacific (Hu et al. 2014 ). The SLA and T e showed similar variations (negative-positive-negative) over the central to eastern basin (Figs. 2c, d) , and the appearance of second negative phase in SLA and T e were coincident with that in SSTA. The time evolutions of anomalous SST, TAU x , SL and T e over the central basin from the best ensemble-mean forecast subsurface water entrained into the mixed layer (T e ) in terms of sea level (SL) anomalies, and a statistical atmospheric wind stress (τ) model. Secondly, a linear first-order Markov stochastic model was developed and embedded within the ICM to perturb the modeled SST anomaly field stochastically with 100 ensemble members (Zheng et al. 2006 (Zheng et al. , 2009 . Finally, a coupled data assimilation system (Zheng and Zhu 2010a) was developed to minimize the error in initial atmospheric and oceanic conditions by assimilating available atmosphere and ocean observations simultaneously into the model.
As illustrated in Zheng et al. (2009) , we focused on the model errors of SST field, which represents the net effect of all missing processes on SST evolution in the ICM. We first performed a model-error sampling by comparing the 12-month observationminus-forecast values of SST anomaly (SSTA) as the model errors over a 34-yr period (coinciding with the ICM training period from 1963 to 1996). Then the empirical orthogonal function (EOF) method was adopted to analyze the main spatial distributions and their associated temporal variations from the model-error samplings. The analyzed EOF spatial structures indicate the regions where SST anomalies are not predicted well by the ICM. For example, for the first mode, model uncertainties are mainly located over the eastern equatorial Pacific, and extend into the central basin with longer lead times. Finally, we took out the first 10 EOF modes to build a linear first-order Markov stochastic model-error model to simulate the forecast SSTA uncertainties (Eq.
(1) in Zheng et al. (2009) ).
After carefully building up a reasonable model-error model, we embedded this model-error system within the ICM to simulate the time evolutions of forecast uncertainty during the ensemble forecasting procedure (Eq. (2) Zheng and Zhu (2010a) , the perturbed SSTA field will calculate wind stress anomalies with the τ model. In the next time step, the calculated atmospheric wind fields will force the dynamical ocean model. Then the ocean pressure anomalies, mixed-layer averaged currents, and vertical velocity at the base of mixed layer are produced by the dynamical ocean component. All these oceanic variables will in turn update the SST field.
Selecting method
Using this developed ENSO EPS, ensemble forecasts for 2011 were performed in an ensemble hindcast experiment. To isolate the effects of the model uncertainties on the ensemble prediction, the ensemble hindcast experiment was designed for only considering the effects of the stochastic model-error perturbation during the forecast process with 100 ensemble members, and these ensemble members had the same initial condition. As indicated in Hu et al. (2014) and Zheng et al. (2015) , the main evolutions of the atmospheric and oceanic fields during the developing phase of 2011/12 La Niña event occurred in the central tropical Pacific (e.g., the incursion of off-equatorial subsurface cold water into the equator, and the enhanced southeasterly wind across the equator). We used the SST over the central equatorial Pacific (i.e., SST averaged over the Niño3.4 (5°S−5°N, 170°W−120°W) region) as an indicator to investigate the key factors in predicting the 2011/12 double-dip La Niña, three criteria were sequentially examined to select the best and worst ensemble members from the EPS.
First, La Niña (El Niño) events were separated from the ensemble members by the Oceanic Niño Index (ONI) threshold setting at −0.5°C (+0.5°C). Second, the misfit between selected members and observation was estimated by the root mean square (RMS) error less than 0.5°C for the best members, and greater than 1.5°C for the worst members. Finally the closest evolution tendency to observation for the best members, and that farthest from the worst, were determined by the maximum and minimum correlation coefficient. Figure 1 displays the observed and predicted (started from January 2011) Niño3.4 SSTAs in 2011, and the best and worst ensemble members selected by the three steps described above. Obviously, although the turning point (warming to cooling in July) in the best ensemble-mean forecast is slightly were close to those of the observations, while those of the worst ensemble-mean forecast were almost opposite. In addition, there was a deep connection between the SST, physical variables such as TAU x , SL and T e , and the physical processes with indicative significance for the SST forecast. In contrast, the descriptions of TAU x , SL and T e evolution in the selected worst members resulted in large deviations from the observed SST evolution, up to predicting an El Niño condition. Zheng et al. (2015) demonstrated that the persistent offequatorial subsurface cold water and the enhanced southeasterly wind anomalies were sufficiently strong to have triggered the double-dip La Niña case. We focused on the evolutions of T e and wind stress as these two physical processes are likely to play key roles in successfully predicting the 2011/12 La Niña. Moreover, as indicated in Fig. 1 , the observed turning point of SST evolution was in June; hence, the atmospheric-oceanic conditions right before June were considered to be significant for triggering a reasonable prediction (Zhang et al. 2013) . In particular, the key timing for the appearance of the difference in TAU x , SL and T e evolution (Fig. 2) was in March-April-May (MAM), ahead of the turning point. The prediction skill related to the spring predictability barrier (SPB) was also sensitive to the key timing of MAM (MAM-timing, Jin et al. 2008; Zheng and Zhu 2010b) . Some ensemble members, including the selected best members, broke through the SPB may be introduced by the stochastic perturbation in the key timing, while others including the selected worst members, did not do that and badly forecasted SST. Figure 3 compares the horizontal distributions of T e and wind stress anomalies from the observations, the best ensemble-mean forecast, and the worst ensemble-mean forecast over the tropical Pacific in March, April and May, respectively. For the observations, in March, a small-scale warm T e signal appeared over the far eastern equatorial Pacific (120°W−90°W) corresponding to a slightly westerly wind, while the negative T e anomalies and easterly wind occupied nearly the entire equatorial Pacific (Fig. 3a) . However, the cross-equatorial southeasterly wind appeared over the central equatorial Pacific in April (Fig. 3b) , acting to transport equatorward the cold water previously accumulated over the tropical South Pacific. In May, the warm area of the subsurface water was diminished by the effect of the enhanced southeasterly wind (Fig. 3c) , which triggered subsurface cold water in the tropical South Pacific to spread northward and break into the equatorial region (Zheng et al. 2015) . Although the T e and wind stress anomaly patterns from the worst ensemble-mean forecast were somewhat similar to the observations in March and April (Figs.  3g, h ), the patterns in May (Fig. 3i) were almost contrary to the observation. The intensities of T e and wind stress anomalies in the worst ensemble-mean forecast from March to May were relatively weak. However, the best ensemble-mean forecast (Figs. 3d, e, f,  g, h) can capture the patterns of T e and the tendency of secondyear cooling over the central equatorial Pacific quite well. Although the intensities of T e and wind stress anomalies from the best ensemble-mean forecast were weaker than those of the observations, especially over the eastern basin, the subsurface cold conditions off and on the Equator predicted by the best ensemble-mean forecast did exist persistently, while there were positive subsurface temperature anomalies over the equatorial region made the worst ensemble-mean forecast in May and following months (Fig. 3i) . Moreover, the southeasterly wind occupied the tropical South Pacific (0°S−10°S) to make the cold subsurface water there expand northward to the equator in the best ensemble-mean forecast from March to May (Figs. 3d, e, f) , while that in the Fig. 2 . Temporal evolution of the interannual anomalies along the equatorial Pacific (averaged between 2°S and 2°N) in 2011 for observations (top), the best ensemble-mean forecast (middle), and the worst ensemble-mean forecast (bottom), respectively. The 12 month ensemble predictions for SSTA (first column), TAU x anomalies (second column), SLA (third column), and T e anomalies (last column), were all started from January 2011. The contour interval is 0.4°C for SSTA and 0.5°C for T e , 0.1 dyn cm −2 for TAU x , and 5 cm for SLA.
worst ensemble-mean forecast gradually diminished and reversed the wind directions. The continuous stronger easterly winds and persistent subsurface cold conditions off and on the Equator in the best ensemble-mean forecast were crucial to a good prediction of the second-year cooling event. This also indicates that the critical moment for the distinct difference in the T e and wind stress distributions was perhaps in May. It also should be noted that the performances of the best ensemble members are some different from the observations in the eastern equatorial Pacific (Figs. 2, 3 ), this might be related to the systematic biases in the ICM (Zhang et al. 2005; Zheng et al. 2007) . Figure 4 further displays the horizontal distributions of the stochastic SST model-error perturbations in the best and worst ensemble-mean forecasts, and they were strikingly different in April (Figs. 4b, e) , though there were significant parallels in March (Figs. 4a, d) , rendering a relatively uniform pattern of surface winds and subsurface cold conditions (Figs. 3d, g ). In April, a cold perturbation was inserted into the best ensemble-mean forecast (Fig. 4b) to strengthen an anomalous easterly and subsurface cold water upwelling (Fig. 3e) . Meanwhile, the relatively weak warm perturbations in the worst ensemble-mean forecast (Fig. 4e) were mainly located over the tropical Pacific to weaken the easterly anomaly and upwelling (Fig. 3h) . In May, the cold perturbation in the best ensemble-mean forecast (Fig. 4c) was further reinforced to maintain the easterly winds and the upwelling of subsurface cold water (Fig. 3f) , while the worst ensemble-mean forecast kept the strong warm perturbation over the central equatorial Pacific to reverse the wind direction to a westerly anomaly and leave the subsurface warm water there by restraining the upwelling. This indicates that the significant difference between the best and the worst ensemble-mean forecasts arose from the stochastic SST model error perturbations.
Concluding remarks
This paper investigated the key factors affecting the successful prediction of the 2011/12 double-dip La Niña event, using an ENSO EPS to determine conditions favorable for predicting this event one year in advance in a 100-member ensemble hindcast experiment. Starting from January 2011, although the ensemble-mean forecast from the 100 ensemble members did not provide a reasonable prediction, some forecast members selected as the best members in the EPS had a coincident interannual evolution with the atmospheric and oceanic observations. The continuous easterly surface winds and persistent subsurface cold conditions were keys to triggering a successful prediction of the second-year cooling in mid-2011. The pivotal timing for the appearance of the difference between the best ensemble-mean forecast and the worst ensemble-mean forecast was around boreal spring, and related to the so-called SPB of ENSO. Differences were induced from the various stochastic model error perturbations inserted into each ensemble member. We concluded that the reasonable stochastic model error perturbation method sufficiently improved the ICM, such that it captured the key predictors of the 2011/12 double-dip La Niña event. And the best ensemble-mean forecast overcame the SPB to successfully predict the event one year in advance. However, it should be noted that these conclusions on how to predict the double-dip La Niña were drawn only from the 2010/11 La Niña event. Other double-dip La Niña events have occurred over the tropical Pacific (e.g., in 2008/09 and 2000/01) , and so the similarities and differences in forecasting these events require further analysis to better explore the nature of these strikingly different ENSO evolutions associated with the various physical processes in the Pacific. 
